A living heart valve with regeneration capacity based on autologous cells and minimally invasive implantation technology would represent a substantial improvement upon contemporary heart valve prostheses. This study investigates the feasibility of injectable, marrow stromal cell-based, autologous, living tissue engineered heart valves (TEHV) generated and implanted in a one-step intervention in non-human primates.
Introduction
Valvular heart disease represents a major cause of morbidity and mortality worldwide. 1 Besides conventional treatment modalities based on surgical valve repair or replacement, the recent clinical implementation of minimally invasive implantation techniques is expected to have a major impact on the management of patients with valvular heart disease. 2 Various percutaneous catheter-based † These authors contributed equally to this paper.
as well as transapical surgical implantation approaches have been developed and successfully used in both experimental and clinical settings, representing a promising alternative to conventional heart valve surgery. 3 -5 However, despite these auspicious therapeutic advances, currently available valvular substitutes for minimally invasive replacement procedures are bio-prosthetic and as such inherently prone to calcification and progressive dysfunctional degeneration suggesting their primary clinical application in elderly patients. 6 Living autologous heart valve substitutes with regeneration and growth potential could overcome the limitations of today's valvular prostheses and enable the application of minimally invasive treatment modalities to a broader patient population, including young patients. 7 We recently demonstrated the principal feasibility of merging the two innovative heart valve replacement technologies of heart valve tissue engineering (HVTE) and minimally invasive delivery in an ovine model. 8 A clinically relevant HVTE concept ideally comprises minimally invasive techniques for both cell harvest and valve delivery. Therefore, several potential cell sources and protocols have been assessed; 9 -12 however, most of them requiring an extensive and complex ex vivo cell and tissue culture phase. Shińoka et al. 13 -17 described a method of creating tissue-engineered vascular grafts (TEVG) by using bone marrowderived mononuclear cells (BMCs) without cell expansion culture. Constructed from biodegradable polyester tubes seeded with autologous cells, these grafts demonstrated functionality and appeared to transform into living vascular grafts. Initial clinical pilot studies evaluating BMC-seeded vascular grafts as venous conduits for congenital heart surgery revealed adequate safety profiles and functionality up to 8 years. 18 -21 The present study investigates for the first time the implantation of autologous BMC-based tissue engineered heart valves (TEHV) by minimally invasive implantation technologies in a primate model; thereby approximating the human situation as much as possible in a pre-clinical large animal model. The presented autologous approach provides a minimally invasive, one-step heart valve replacement procedure from cell harvest to in vitro engineering and transapical delivery of living TEHV.
Methods

Scaffold fabrication
Trileaflet heart valve scaffolds were fabricated from non-woven polyglycolic acid meshes (PGA; Cellon, Luxembourg), coated with 1.75% poly-4-hydroxybutyrate (P4HB; TEPHA, Inc., USA; see Supplementary material online, Methods A). Thereafter, the scaffolds were integrated into radially self-expandable nitinol stents (length ¼ 30 mm; OD ¼ 20 mm; pfm AG, Germany) by attaching the scaffold matrix to the inner surface of the nitinol stent wires. After vacuum drying for 24 h, the scaffolds were sterilized overnight by using ethylene oxide (EtO) gas sterilization.
Isolation of primate bone marrow-derived mononuclear cells
A volume of 66.5 + 14.4 mL of bone marrow was aspirated from the sternum of adult Chacma Baboons into a heparinized syringe (50 -100 U/mL) using a 12-Gauge threpine needle. Bone marrow-derived mononuclear cells were obtained by centrifuging the samples on a histopaque density gradient (Sigma Chemical Co., USA) for 30 min at 1500 r.p.m (500 g). The viability of the isolated buffy coat was determined by flow cytometry and Trypan Blue staining after erythrocyte elimination and quantification with a haemocytometer (see Supplementary material online, Methods B). Figure S1 ).
Phenotyping of bone marrow-derived mononuclear cells
Small samples of isolated BMCs of each animal were used for haematoxylin-eosin (H&E) staining and immunocytochemical analysis. The cells were fixed with methanol and immunofluorescence staining was performed using for the following epitopes: CD45, CD34, CD146, CD90, CD166, CD44, and DAPI. Phalloidin Alexa 633 was used as control staining. Primary antibodies were detected with Cyanine-2 or Cyanine-3 goat anti-mouse antibodies (see Supplementary material online, Methods B and C). In order to evaluate the in vivo fate of isolated primate BMCs (n ¼ 2) seeded cells were tracked for 4 weeks in vivo using the CellTrace TM CFSE Cell Proliferation Kit (C34554, Invitrogen Corp., USA; see Supplementary material online, Methods D).
Bone marrow-derived mononuclear cell seeding and characterization
Seeding of the BMCs onto the stented heart valve scaffolds (8 + 3 × 10 6 cells/cm 2 ) was performed using fibrin (Sigma Chemical Co., St.
Louis, MO, USA) as a cell carrier. 22 After seeding, the constructs were placed into vented 50 mL tubes for 10 min to allow the fibrinthrombin solution to clot adequately. Thereafter, the seeded construct was loaded into the delivery device by decreasing the diameter from 20 to 8 mm and transferred to the theatre. Mesenchymal stem cells (MSCs) were obtained from bone marrow aspirate according to the method of Pittenger et al. 23 and were differentiated into pre-adipocytic and osteoblastic phenotypes (see Supplementary material online, Methods J) to confirm their differentiation potential.
Tissue engineered heart valves implantation and in vivo functionality
For evaluation of in vivo functionality, TEHV were minimally invasively delivered into the pulmonary valve position using a mini-sternotomy and antegrade transapical approach. The valves were crimped and loaded onto a custom-made inducing system (OD ¼ 8 mm) consisting of a rigid tube and pusher. The right ventricle was punctured using needle through purse-string sutures. Next, the inducer system was inserted and the TEHV was delivered into the pulmonary artery under guidance of fluoroscopy (BV, Pulsera, Philips, Medical Systems,
The Netherlands) and transoesophageal echocardiography (2D-transoesophageal echo cardiography (TEE), Philips, Medical Systems, The Netherlands). The radial expansion of the nitinol stent forced the native pulmonary valve leaflets against the pulmonary artery wall and kept them fixed. One construct was deployed in a supravalvular position not excluding the native valvular leaflets. The appropriate position and functionality of the implanted valve was confirmed by angiography. In addition, the in vivo functionality was monitored using transoesophageal, transthoracic, and/or epicardial echocardiography during the procedure, immediately after implantation, weekly up to 4 weeks, and prior to sacrifice of the animal (see Supplementary material online, Methods E). The pulmonary artery pressure was measured in order to exclude stent-associated stenosis of the pulmonary outflow tract. Anticoagulation (aspirin and warfarin) was maintained for 4 weeks. The animals were sacrificed (potassium euthanization and exsanguination) after 12 h (n ¼ 1) and 4 weeks (n ¼ 5) and the TEHV were explanted.
Qualitative explant tissue analysis
Tissue composition of explanted heart valve constructs was analysed qualitatively using immuno-/histology and compared with native heart valve leaflets. The tissue sections were studied using Azan staining, Von Kossa staining, H&E staining, Masson-Trichrome staining, and Elastin-van-Gieson (eVG) staining. In addition, immunohistochemistry was performed using the Ventana Benchmark automated staining system (Ventana Medical Systems, Tuscon, AZ, USA) and antibodies for alpha smooth muscle actin (a-SMA), Desmin, CD 68, CD34, CD31, eNOS, HAM-56, and von Willebrand factor (see Supplementary material online, Methods F). Representative tissue samples of TEHV were analysed using Scanning Electron Microscopy (see Supplementary material online, Methods G).
Quantitative explant tissue analysis
Explanted TEHV (4 week explants, orthotopical position) were lyophilized and analysed by biochemical assays for total DNA, hydroxyproline (HYP) as well as glycosaminogylcans (GAG) content (see Supplementary material online, Methods H). For measuring the DNA amount, the Hoechst dye method 24 was used. The GAG content was determined using a modified version of the protocol described by Farndale et al. 25 and a standard curve prepared from chondroitin sulphate from shark cartilage (Sigma Chemical Co., USA). Hydroxyproline was determined with a modified version of the protocol provided by Huszar et al. 26 The mechanical properties of the leaflets and the valve conduits were assessed independently in radial direction by uniaxial tensile testing to determine ultimate tensile stress (UTS) as well as Young's modulus (YM; see Supplementary material online, Methods I).
Statistical analysis
All quantitative data are presented as mean + standard deviation (SPSS 17.0, IBM, Somers, NY, USA).
Results
Viable bone marrow-derived mononuclear cells harvested from the sternum: a cocktail of stem cells and leucocytes
The isolation of BMCs rendered 175 + 82 × 10 6 cells per animal for scaffold seeding. Cellular viability was in excess of 95% as verified by whole-blood flow cytometry ( Figure 1A) and Trypan Blue exclusion staining ( Figure 1B) . Isolated primate mononuclear cells ( Figure 1C ) stained positively for common leucocytic antigens including CD45, CD44, and CD15 (see Supplementary material online, Figure S2A -C ). According to the flow cytometric analysis the marrow mononuclear cells comprised distinct leucocytic cell populations including granulocytes (20.8%), monocytes (7.6%), and lymphocytes (67.6%). The amount of dead cells, indicated by a population of low forward scatters (FSC)-height and increased side scatters (SSC)-height in the scatter plot was ,5% ( Figure 1A) . Primate bone marrow aspirate comprised CD34 + haematopoietic stem cells as well as MSCs staining positively for CD44, CD90, CD146, and CD166, but negatively for CD45 and CD34, representing a common staining pattern for MSCs (Figure 1G and H; see Supplementary material online, Figure S2D ). The differentiation potential of isolated primate MSCs was assessed exemplarily using pre-adipocytic and osteoblastic differentiation assays (see Supplementary material online, Figure 2E and F ). After isolation, BMCs were labelled ( Figure 1D -F ) and successfully seeded onto PGA/P4HB heart valve scaffolds (Figure 2A-D) and the TEHV could be inserted into the sheath system for transapical delivery.
Minimally invasive delivery: the transapical implantation of tissue engineered heart valves
The transapical implantations were successful in all animals. Of all six animals five valves were deployed in the orthotopic valvular position ( Figure 3A -C and E), whereas one valve was positioned supravalvularly thereby not excluding the native valvular leaflets. In one of the orthotopically implanted animals perioperative coronary perfusion complications not related to the TEHV functionality resulted in termination 12 h after implantation. Positioning of the TEHV was verified intraoperatively using TEE and fluoroscopy ( Figure 3D and A-C), from insertion into the application system until surgical deployment, was 17 + 8 min ( Figure 3D and E).
The mean duration of the entire procedure, from bone marrow harvest until valve delivery, was 118 + 17 min.
In vivo performance of tissue engineered heart valves
Valve functionality with leaflet mobility and sufficient opening and closing behaviour was observed after implantation. No paravalvular leakage was detected during the follow-up period. Weekly TTE/ TEE follow-up revealed a slight but not significant increase in transvalvular peak pressure (TVG; 
Explant macroscopy of tissue engineered heart valves
Explantation of the early TEHV (12 h) revealed an intact leaflet structure dominated by a fibrin-coated PGA scaffold matrix with lack of evidence for thrombus formation. Harvest of the remaining TEHV 4 weeks after delivery showed constructs that were well integrated into the adjacent tissue-by-tissue covering the stent margin and encircling stent strut endings ( Figure 4A ). The valvular leaflets of the four orthotopically positioned constructs presented as pliable, well-defined cusps ( Figure 4B ). Although the leaflets appeared to be shortened in radial diameter, sufficient co-aptation was demonstrated throughout the entire experimental period.
Interestingly, in the haemodynamically non-fully loaded TEHV deployed in the supravalvular position the leaflet structure was almost entirely missing. Instead two small parietal nodes could be identified, most likely representing remnants of the original scaffold pockets ( Figure 4C ).
Scanning electron microscopy
The surface of the early explants (12 h) was mainly characterized by previously seeded mononuclear cells embedded into a fibrin matrix densely covering the entire scaffold ( Figure 5A and B) . Analysis of the 4-week explants revealed that three of the orthotopically implanted leaflets showed already a mature structure, characterized by a well-defined endothelial lining on the conduit wall as well as partially on the valvular leaflets ( Figure 5E and F ). In several spots these endothelial coverages were confluent and not distinguishable from native primate ( Figure 5C ) or human ( Figure 5D ) valvular endothelium. The other orthotopic explant presented with a more premature surface remodelling, characterized by areas with extensive fibrin formation as well as leucocyte and thrombocyte attachment. Interestingly, in this explant all stages of surface remodelling could be detected, from beginning provisional thrombocyte-mediated surface coverage ( Figure 5G -I ) to areas of almost confluent endothelial covering. The nonorthotopically positioned construct also revealed a well established endothelial coverage with the remaining leaflet structure firmly integrated into the conduit wall.
Histology and immunohistochemistry
Haematoxylin -eosin staining ( Figure 6A-D) of the explants demonstrated layered tissue morphology, characterized by a central core of non-degraded PGA matrix surrounded by dense tissue formation on the luminal as well as on the vascular side.
Masson's Trichrome and eVG staining confirmed the presence of collagen predominantly in the outer layers of the conduit wall and the leaflet ( Figure 6E -L) . As confirmed by SEM, the surface of the conduit was covered by a confluent endothelial layer in large areas of the constructs. Cells of the constructs' surface layer expressed CD31 ( Figure 6M -P) and vWF, resembling the staining pattern of native valve endothelial cells ( Figure 6M) . Moreover, a-SMA expression could be detected in interstitial cells of the newly formed surface layers of the conduit ( Figure 6S ) and partially of the leaflet ( Figure 6T ). In contrast to previous studies, 8 the leaflets' hinge region was free of a-SMA and/or Desmin positivity (see Supplementary material online, Figure S3C and D). The early (12 h) as well as the late (4 weeks) explants stained positively for CD68 (see Supplementary material online, Figure S3G -I ), indicating a distinct monocytic infiltration and continuous remodelling. Cell tracking analysis using CFSE-dye and confocal microscopy ( Figure 1D and E) revealed no signal within the explanted tissue ( Figure 1F ), indicating that most of the seeded BMCs were not present after 4 weeks in vivo.
Biomechanical and extracellular matrix analysis: the remodelling of viable tissue online, Figure S4 ), indicating the in vivo replacement of the biodegradable matrix by living tissue ( Figure 7A ). Quantitative extracellular matrix (ECM) analysis of the TEHV explants showed that the GAG as well as the DNA content of the constructs' leaflets was higher than compared with native tissue (GAG 140.28 + 36.17%; DNA 168.10 + 87.07%), indicating high cellular infiltration as well as ECM remodelling. Consistent with previous studies, 8 the collagen content in the leaflets and the conduit wall was substantially lower in the newly formed tissues than compared with native controls (HYP 59.24 + 16.87%; Figure 7B ). 
Figure 4
Explant analysis of tissue engineered heart valves. After 4 weeks in vivo the stented constructs were well integrated into the adjacent tissue (A). Orthotopical tissue engineered heart valves (B) presented with a cusp-like leaflet structure, with shorter leaflets than native controls. In a final transoesophageal echocardiography-assessment the leaflet co-aptation (C; asterisk indicates leaflets) as well as opening movements of all three leaflets could be visualized (D -G).
Injectable living heart valves
Discussion
Minimally invasive heart valve replacement techniques have recently emerged as a promising technology in interventional cardiovascular therapeutics. 2, 6, 27, 28 Despite the potential of this novel technology, currently used replacement materials for transcatheter or transapical valves are bioprosthetic and therefore highly prone to calcification as well as structural degeneration. 29 control leaflets. In most areas the surface of the 4 week explants showed confluent (E and F) or initial (G) endothelial coverage. In some areas the surface remodelling was still evident involving thrombocyte attachment (H ) and leucocyte attraction (I ).
heart valve replacement technologies. 8 Ideally, a clinically relevant HVTE concept must involve low-invasive techniques for both cell harvest and valve delivery. Consequently, several non-invasive potential cell sources comprising stem cells have been assessed with regard to the clinical realization of the concept. However, most of these concepts require extensive, logistically complex, and time-consuming in vitro tissue engineering processes that limit their clinical feasibility. The present study demonstrates for the first time the feasibility of merging heart valve tissue engineering based on a low-invasive stem cell source, with a minimally invasive, injectable implantation technology combined in a single intervention. Stem cell sources previously used for HVTE, including MSCs, foetal stem cells, and blood-derived progenitors, 8 -12 necessitate cell harvest in a particular intervention, followed by protracted and complex in vitro cell expansion and implantation of fabricated TEHV in a second procedure. 8 To the contrary, autologous BMCs can be isolated in sufficient numbers from sternum bone marrow aspirates, thereby enabling immediate re-implantation as autologous TEHV. Therefore, the presented one-step approach suggests a highly clinically relevant concept and may represent a significant step towards the routine utilization of TEHVs. The principle of using BMCs for cardiovascular tissue engineering was described by Shin'oka et al. 13 and has been assessed in preclinical 14 -16 as well as initial clinical investigations. 18 -21 It was hypothesized that multipotent bone marrow-derived stem cells proliferate, differentiate, and constitute new tissues. 19 In a recent study, Roh et al. 17 elucidated the potential underlying molecular mechanism of autologous BMC-induced tissue formation. In contrast to previous assumptions, no evidence for (trans-) differentiation of bone marrow-derived stem cells into mature vascular cells has been found. Interestingly, seeded BMCs were not detectable in the tissue engineered constructs 1 week after implantation. In fact, it was shown that BMC-seeded biodegradable scaffolds transform into functional blood vessels via an inflammation-mediated process of vascular remodelling. While the role of BMCs in this remodelling process remains largely conjectural, a growing body of evidence suggests their role within inflammation-mediated processes. This paracrine role of seeded BMCs as a constituent of an inflammatory vascular remodelling process is consistent with multiple studies reporting that (trans-)differentiation of bone marrowderived stem cells in vivo is deemed rare. 10,31 -36 The present study concurs with this mechanism, as the initially labelled BMCs were not detectable within the explants 4 weeks after implantation. Also, a distinct remodelling process was evident, characterized by a monocytic infiltration of the leaflets as well as the conduit wall. Besides this critical role of seeded BMCs for in vivo remodelling and tissue formation, 17, 19 the precise contribution of the detectable multipotent BMC stem cell fractions is of great interest to understand the underlying regenerative mechanism. 37 -40 Experimentally, it would have been elegant to include an unseeded control group in this study. However, previous experiments in the sheep model using the same tissue engineering technology and unseeded (only fibrin-coated) scaffolds implanted in the orthotopic pulmonary position demonstrated severe structural failure after 4 weeks (see Supplementary material online, Figure  S1 ). Given the fact that remodelling phenomena in the ovine model are expected to be substantially more intense than in the human/primate cardiovascular system, 41 the implantation of unseeded controls into primates appeared ethically not justifiable. A very interesting observation of the current study was the influence of haemodynamic loading on remodelling, tissue formation, and maturation in vivo. This is a known phenomenon from embryology and has been used for in vitro tissue engineering experiments utilizing biomimetic flow and pressure conditions to achieve optimal tissue maturation in so-called bioreactors. 42, 43 In the present investigation, the role of mechanical loading on functional remodelling was uniquely demonstrated by the supra-valvular positioned TEHV not excluding the native valvular leaflets. In contrast to the orthotopic implants, the non-loaded supravalvular TEHV lacked any leaflet structure after 4 weeks, indicating missing tissue formation as well as BMC-mediated leaflet remodelling.
Macroscopically the orthotopic constructs presented with cusplike leaflet structures and did not appear thickened compared with previous reports based on the sheep model. 8, 44 Although principal valvular functionality was demonstrated, mild to moderate regurgitation was observed by echocardiography in three of five valves in the presence of leaflet co-aptation. This may be explained by the rather prototypic design of the TEHV in this proof of concept study. Furthermore, a minimal structural shortening of the TEHV cusps was detectable which will be addressed in future TEHV scaffold designs e.g. by oversizing of the co-aptation areas of the starter matrices. Further enhancement of cellular attraction and, thus, tissue formation particularly in the distal leaflet region may provide solutions. 45 Finally, following this feasibility study introducing injectable TEHV generated and minimally invasively implanted in a single intervention, extended long-term studies are mandatory in order to further elucidate the fate of such living autologous cellbased engineered heart valves as well as the underlying tissue remodelling mechanisms observed in vivo. Particularly, the precise role of seeded stem cells with respect to their function in chemo-attraction and tissue formation has to be systematically assessed. However, addressing these questions was beyond the scope of this pilot-study and will be investigated in future experiments.
Conclusions
These first results of combining minimally invasive valve replacement procedures with heart valve tissue engineering in a single intervention in a preclinical primate model are promising and demonstrate the feasibility of using BMCs for the fabrication of TEHV. Moreover, utilizing the body's natural abilities to regenerate TEHV in vivo, may greatly simplify, and improve the clinical feasibility of the autologous cell-based TEHV approach. Such autologous and living heart valves with repair and regeneration capacities may represent the next generation of transcatheter and transapical heart valves overcoming the time limitations of the currently used bioprosthetic valves suggesting their future clinical application also beyond elderly patients.
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